Fresh sardine (employed as discard model species) was pressed with a hydraulic press in order to obtain a partially dewatered cake (whose volume represents between 55% and 60% of the initial volume of raw material) and a 3-phase press liquor comprising an aqueous fraction, an oil fraction and a variable amount of suspended solids. Pressing conditions, such as final pressure to which the sardine was subjected, compression speed, number of pressing stages and time of relaxation between two consecutive pressing stages, were optimised by means of a statistically designed experiment. The goal of the optimisation problem was to achieve maximal yield of press liquor with a minimum load of suspended solids. The suspended solid content in the press liquor must be kept to a minimum in order to facilitate any further treatment by operations such as membrane filtration. The conflict between these two objectives suggested employing a multiobjective optimisation technique. A Pareto Front was generated in order to find a set of solutions which satisfied both objectives to an adequate degree.
Abstract:
Fresh sardine (employed as discard model species) was pressed with a hydraulic press in order to obtain a partially dewatered cake (whose volume represents between 55% and 60% of the initial volume of raw material) and a 3-phase press liquor comprising an aqueous fraction, an oil fraction and a variable amount of suspended solids. Pressing conditions, such as final pressure to which the sardine was subjected, compression speed, number of pressing stages and time of relaxation between two consecutive pressing stages, were optimised by means of a statistically designed experiment. The goal of the optimisation problem was to achieve maximal yield of press liquor with a minimum load of suspended solids. The suspended solid content in the press liquor must be kept to a minimum in order to facilitate any further treatment by operations such as membrane filtration. The conflict between these two objectives suggested employing a multiobjective optimisation technique. A Pareto Front was generated in order to find a set of solutions which satisfied both objectives to an adequate degree.
Introduction
A direct consequence of traditional fishing practices is the considerable quantities of wastes and by-products which are generated. They represent an economical and environmental problem since the major wastes are often underutilized creating disposal problems and environmental concerns (Folador et al., 2006) . With the aim of classifying and quantifying these by-products, three main groups are considered: discards, wastage on board (wastes generated by fish processing inside the vessels) and byproducts and wastage on shore, due to fish processing and trade industry (Blanco et al., 2007) . Discards or discarded catch is that portion of the total organic material of animal origin in the catch comprising small-sized and non-targeted species with low commercial value and traditionally dumped at sea. Quantification of discards and knowledge of trends in discarding practices are of value in the design of fisheries management regimes and initiatives to promote responsible fishing operations and catch utilization. FAO is mandated to report periodically to the United Nations on the implementation of the resolutions and to promote efforts to reduce or minimize discards, drawing the attention to wastage of fishery resources. The FAO assessment (FAO, 2004) compiles information on catches and discards from the world's fisheries during the period from 1992 to 2001. This study assumes that discards are a function of a fishery, defined in terms of an area, fishing gear and target species, and has estimated global discards to be 7.3 million tones, with a global discard rate (quantity of discards as a percentage of the total catch) of 8 %. International instruments, including UN resolutions, the Kyoto Declaration and the European Code of sustainable and responsible fisheries practices (EU, 2004) have highlighted the need to reduce, or minimise discards. Regarding the fish wastage on board, this code proposes to treat wastes in the vessels where that is possible, or to keep them for an ulterior treatment on shore, but never dump them into the sea. These guidelines have been recently assumed by the European Commission (EU, 2002; EU, 2007) , which introduces a discard ban, where all finfish and crustaceans caught will have to be landed, including fish above the quota or below minimum market size. Technical solutions to handle these by-catches are to be considered, whether they will be sold through normal market systems, for human consumption, for reduction to fish meal and oil or otherwise Folador et al., 2006; Kristinsson and Rasco, 2000; Bentis et al., 2005) . In this framework, considering that all the fish discards must be landed, a preliminary pressing operation may reduce the volume to be stored on board, and thus the refrigeration and space requirements. This is a solution which was already proposed by the Code of Conduct for Responsible Fisheries in order to reduce the volume of by-catches and wastes to be stored on board. As a consequence of pressing operations, two fractions are obtained: a solid cake which is stored on board and can be subsequently reduced to fish meal on shore (Bimbo, 1990; Folador et al., 2006) and a press liquor consisting in an aqueous phase (containing valuable proteins) and an oil phase, as well as a variable amount of fine suspended solids. In the case of marine materials, pressing can be carried out in continuous mode by screw presses or batchwise, by means of a hydraulic press. Screw presses need a constant supply of byproducts to be treated, they can be used as dewatering pretreatment for fish meal production (Bimbo, 1990; Tiller, 1999) , for the preparation of fish laminates (Jeevanandam et al., 2001 ) and also in fish oil extraction from fatty species such as herring (Aidos et al., 2003) . As the raw material is conveyed by one or two parallel screws along a perforated barrel, the volume between the screw flights is gradually reduced, thus increasing the pressure at which the material is subjected and the amount of liquid expressed. The performance of the screw press depends on two main factors: the pressure exerted on the material between the screw flights and the rate of revolution of the screws, which is directly related to the pressing time (FAO, 1986) . In a hydraulic press, the raw material is placed in the press chamber where it is compressed by means of a piston actuated by a hydraulic force. This operation involves both compaction of the material and dead-end filtration of the draining liquid through the porous of the raw material until the collecting outlet. The batch operation mode offered by hydraulic presses is preferred when small amounts of raw material are to be processed as would be the case of inshore fishing. Morevorer, on board of a fishing vessel, the supply of raw material (discards and wastes/byproducts from fish processing on board) is not continuous during the day (for example, trawling nets are normally hauled after three hours, three of four times a day). In addition, the cake obtained from the hydraulic press is more compact and presents a lower moisture content, which involves a greater volume reduction. The screw press liquor is highly charged in solid particles, as the degree of tissue disruption is higher due to the development of shearing forces in combination with compressive pressures. Finally, the hydraulic pressing involves lower energetic costs (only those involved in the pumping of the hydraulic fluid into the piston) and it does not need a water supply to facilitate the pressing performance.
It is noticeable the lack of references in literature concerning the hydraulic pressing of seafood species. Among the few works, Chantachum et al. (2000) studied the yield and quality of the fish oil extracted from precooked and non-precooked tuna heads by pressing at 140 ton/m² using a hydraulic press. Wu and Chang (1980) employed hydraulic pressing for the recovery of proteins from Antarctic krill, obtaining an optimum yield of 50 % of crude protein by pressing at 2000 -2500 psi. Although the yield was lower than those obtained by extraction with salt or alkali (85%), the protein recovered was of good nutritional value and functional properties. The aim of this paper is to optimise the pressing operation parameters, focusing on sardine (Sardina Pilchardus) as model discard. Worldwide, total landings of small pelagics (sardine, mackerel and horse mackerel) are about 4 million tones leading to about 50000 tones of discards (FAO, 2004) . Sardine discards are mostly composed of by-catch species, such as anchovy, or small-sized species (European fisheries regulations avoid landing sardines with less than 11 cm length for the Atlantic Ocean).
In some Mediterranean fisheries, sardine discard rate arises to 50 %, due to the presence of by-catch species of anchovy. Thus, sardine discards represent an important volume of underutilized biosources whose up-grading should be considered. Pressing must be optimised in order to obtain a good volume reduction in the dewatered cake and a maximal yield of press liquor. Since pressing may be followed by other filtration operations to treat the press liquor, the concentration of insoluble matter in the effluents must be limited, in order to minimize the deposition of suspended particles from the effluent stream on the filtration medium. This constraint implies a multiobjective optimisation problem in which a set of efficient solutions must be found.
Materials and methods

Raw material
Fresh whole sardine was provided by a local market and directly stored in a refrigerated room at 4 °C. All the pressing tests were carried out in the same day in order to keep the freshness of the raw material.
Pressing operation
Whole sardine at an initial temperature of 4 ºC was pressed at a room temperature of 10 ºC using a hydraulic press (Tinkturenpressen HP-5M, Fischer-Maschinenfabrik, Neuss, Germany) able to apply pressures up to 370 bar. For each test, 3 Kg of sample were fed into a press basket of 200 mm diameter and 150 mm high. The size of the openings located in the base was 1 mm. No heat was applied to the samples, in order to minimize the energetic costs of the process. The pressure reached inside the press chamber was monitored by means of a press transmitter (dTRANS p30, Jumo, Fulda, Germany), attached to a software tool designed to control the process, in terms of compression speed, number of compression steps and time of relaxation between two consecutive compression steps.
Input variables
The raw material was pressed until the target pressure was achieved. This is performed in several stages, which are composed of a compression stage, where the piston descends exerting direct pressure on the material, followed by a relaxation period where the piston stops, helping the liquid to drain. The pressure declines slightly during the relaxation period due to the flux of liquid leaving the basket. An example of this type of operation can be seen in Fig. 1 . A target pressure of 300 bar is achieved in 4 stages in a total time of 18.6 min. The increment of pressure performed in each stage is equal for all the stages (75 bar in the example).
With the aim of optimising this operation, four input variables were studied: the final pressure after all the pressing stages (X 1 ), the compression speed at which the piston descends (X 2 ), the number of stages involved in the operation (X 3 ) and the time of relaxation between two consecutive compression stages (X 4 ).
Output variables
Two responses or output variables were measured for each experience: the yield of press liquor (Y 1 ) and its content in suspended solids (Y 2 ). The yield of press liquor (Y 1 ) was defined as the mass of press liquor collected after pressing, divided by the mass of raw sardine fed into the press. It was measured by weighting all the press liquor collected after all the compression-relaxation stages were accomplished. The content in suspended solids in the liquor (Y 2 ) was defined as the mass of solids in the press liquor divided by the mass of raw sardine fed into the press. Once the press liquor was collected, it was centrifuged at 4000 g at 4 °C for 15 minutes (Avanti J-E Centrifuge, Beckman Coulter, Fullerton CA, USA) in order to separate it into three phases, an oily phase, an aqueous phase containing most of the soluble compounds and a solid residue. The wet weight of this solid phase was measured, because this value will be more useful with regard to an ulterior filtration operation.
Experimental design
The compression of the raw material in the hydraulic press can be assumed to be analogous to the consolidation of a saturated soil, and thus obey the theory by Terzaghi (1943) . The term consolidation in soils mechanics refers to volume change due entirely to the expulsion of pore fluids under pressure (Bargale et al., 2000) . Models based on Terzaghi's theory have been traditionally used to predict the cake consolidation and the flux of oil expressed from oilseeds by uniaxial compression (Venter et al., 2007) . In our case, the cake cannot be considered as homogeneous as the raw material is introduced inside the press basket without being grinded previously, the press liquor is a mixture of different liquid phases (water, oil, blood) with different rheological properties, and no data are available concerning the cake consolidation, in terms of porosity, permeability or mechanical behavior of the cake. For this reason, the effects of the 4 independent variables on the liquor yield and the fraction of suspended solids were investigated statically by response surface methodology (Montgomery and Myers, 1995; Erikson et al., 2000) . A rotable central composite design with 5 levels was chosen for this purpose, as shown in Table 1 . The Statgraphics software (version 5.1) was used to generate the experimental design, the statistical analysis and the regression model. The response functions were related to the input variables by a second degree polynomial as follows: 
where the coefficients b i and b ii are related to the linear and quadratic effects, respectively, of each input factor on the response and the cross-product coefficients b ij represent the interactions between two input variables. The modified variable -ln(Y 2 ) was chosen (instead of the original Y 2 ) in order to obtain a better correlation when fitting the data to the regression model. The analysis of variance (ANOVA) tables were generated . The significance of all terms in the polynomial was judged statistically by computing the p-value. The regression coefficients were then used to generate contour maps and optimise each single response.
Multiobjective optimisation
A problem of multiobjective optimisation arises when several objectives (possibly conflicting) must be satisfied. The multiobjective optimisation problem can be defined (Osyczka, 1985) as the problem of finding a vector of decision variables which satisfies constraints and optimises a vector function whose elements represent the objectives. The solution vector should give values of all the objective functions acceptable to the decision maker. If any of the components of the objective function are competing, there is no unique solution to this problem. Then the concept of Pareto Front must be used in order to find and adequate solution. The Pareto Front is defined as the set of noninferior solutions which satisfies all the constraints of the multiobjective optimisation problem. A noninferior solution is one in which an improvement in one objective requires a degradation of another (Kim and Weck, 2005; Halsall-Whitney and Thibault, 2006) . The techniques to generate the Pareto Front are wide and varied. The -constraint method was chosen for this purpose in this work. This involves optimising a primary objective and expressing the other objectives in the form of inequality constraints. On the other hand, the integer nature of one of the input variables (X 3 , number of compression steps) involves the employment of appropriate algorithms to solve each optimisation problem. In this work, the Branch and Bound (B&B) method was used (Pibouleau et al., 2000) , which is based on the following two basic principles: (i) a partitioning method for the independent variables to divide up all the possible feasible solutions into subsets; (ii) a search for the optimum solution in the most promising subsets. The Solver Tool, included in the MS Excel software was chosen for this purpose as it incorporates B&B algorithms for mixed integer nonlinear optimisation.
Results and discussion
Regression model and analysis of variance
Hydraulic pressing has been employed to obtain a partially dewatered cake and a press liquor. This is a solution which was already suggested by the European Code of sustainable and responsible fisheries practices (EU, 2004) in order to reduce the volume of wastes to be stored on board and has been successfully employed to recover fish oil (Chantachum et al., 2000) or proteins (Wu and Chang, 1980 ) from seafood species. Unlike traditional processes, the raw material has not been submitted to a heat pre-treatment in order to avoid protein denaturation in cake and press liquor, as well as to minimise energy consumption. As a consequence of pressing a partially dewatered cake was obtained. For each experiment the reduction in volume of cake was measured. An average reduction of 40-45 % was measured for all the samples, showing no significant variability or correlation with experimental factors. Considering that an average yield of liquor of 10 % (mass of water per mass of whole sardine) is obtained after pressing with a volume reduction in the cake of 40 %, the storage density (mass stored per pallet) is increased in a 50 %. For a fixed storage capacity and pallets layout, this results in a decrease of the store area of about 33 %. This results in less construction costs and refrigeration loads for insulation and air changes, which depend directly on the cold store dimensions. Table 2 shows the experimentally measured and the regression model predicted values of the response variables. Employing a complete central composite design, with four independent variables and three central points, a total of 27 experiments were conducted. All these experiments led to a volume reduction of 40-45 % in the final cake, related to the initial volume of the raw material. In general, a lower moisture content in cake facilitates the ulterior waste handling and processing (García et al., 2005) . The correlation between experimental and predicted values was found to be good, with the coefficients of correlation r=0.984 for Y 1 and r=0.924 for -ln(Y 2 ). The experimental data were fitted to a complete quadratic model and the regression coefficients were calculated, as well as their statistical significance by means of an analysis of variance, as shown in Table 3 . Similar statistical procedures have already been employed to optimise fish oil quality from herring byproducts using a three-phase decanter (Aidos et al., 2003) or to study the perfomance of several enzymes on the hydrolysis of fish wastes from several sources such as sardine (Dumay, 2006) or Atlantic salmon (Liaset et al., 2002) . The statistical analysis states that the four independent variables are significant on the liquor yield, as well as the quadratic effects of pressure, compression speed and number of compression stages. The effect of interactions on the liquor yield was not significant as their associated probabilities were higher than 0.05. Concerning the second response, it depends mainly on the linear and quadratic effect of pressure, as well as the linear effect of the speed of compression. The number of stages is significant only in its quadratic effect and no effect containing the time of relaxation was found to be significant.
Optimisation of response variables
With the help of the regression model, the combination of factors which determine a maximal liquor yield (13.45 %) can be obtained by means of branch and bound at 350 bar of final pressure, 1.540 cm/min of compression speed, 4 compression stages and a time of relaxation of 242 s. Pressure exerts a positive effect on the liquor yield, so working at higher pressures should report an increase in the quantity of press liquor collected. The fact of employing 5 or more compression stages does not improve the liquor yield, as well as relaxation times longer than 240 seconds. The compression speed has a significant quadratic effect (p = 0.0113) which determines an optimal value placed in the range of experimental data. Concerning the fraction of suspended solids, the maximum value of the variableln(Y 2 ), and therefore the minimal value of Y 2 (0.002) is reached at 66 bar, a compression speed of 2.585 cm/min, 1 compression stage, and the maximal time of relaxation allowed (300 s). The variable which mostly influenced the fraction of suspended solids was the pressure, with both linear and quadratic effects of significance. This fact implied that the optimum was found inside the range of experimental data (50 -350 bar). Its effect was positive on the content of suspended solids, as an increase in the final pressure determines a more charged press liquor. On the other hand, a higher compression speed leads to a lower concentration of suspended solids in the press liquor, with a strong linear dependence and no quadratic or interaction effects of significance, so its optimal value coincided with its upper bound. These results indicate that the effect of pressure on the optimisation of both responses is opposite. While a higher pressure leads to a better efficiency of the pressing operation, the degree of damage on the raw material is higher, and as a consequence the press liquor is more charged in suspended solids. A higher compression speed implies shorter compression stages, and thus a lower compression work, which results in a lower liquor yield but also less issue disruption in the raw material, obtaining a press liquor with lower organic load. The application of several compression stages permits to increase the efficiency of the pressing operation even if high compression speeds are employed, so its effect on liquor yield should be positive. As we increase the number of compression stages, the flux of liquid collected in each one is lower and more charged in suspended solids, as the raw material becomes more dewatered and damaged. This could explain the fact that the optimal yield was achieved at four pressing stages, since applying another compression stage would not improve it significantly and also the minimum of suspended solids, found when only one compression stage was undertaken. The relaxation time exerts a positive effect on the accomplishment of both objectives. An increase of this variable gives rise not only to a higher quantity of press liquor, but also to a lower content of suspended solids in it. This might be due to the blocking of the press outlet by the particles of suspended solids, so only liquid can leave the press chamber. Fig. 2 shows the contour plots for both responses, with pressure and number of compression stages set at their optimal values. It can be noticed that optimal values are placed inside the range of factors (Fig. 2a) and in the upper bound (Fig. 2b) . This suggests that better results concerning the content of suspended solids in the press liquor could be achieved by working at higher times of relaxation and speeds of compression, but this would result in lower yields.
Multiobjective optimisation
The conflict between the two responses suggested employing a multiobjective optimisation technique. A Pareto Front was generated in order to find a set of solutions which satisfied in an adequate degree both objectives. The -constraint method was chosen for this purpose. The optimisation problem consisted in estimating the maximum yield that could be achieved without exceeding a fixed fraction of suspended solids in the press liquor. This fraction of suspended solids was calculated as the ratio between Y 2 and Y 1 . The solution should be obtained by a combination of factors inside the ranges of the independent variables or decision space. This is a multiobjective optimisation problem with constraints which could be formulated as follows:
The results generated after the optimisation (Table 4) show the maximum liquor yields that could be obtained by allowing a set of fractions of suspended solids from 0.05 to 0.15. As expected, the higher the limitation in suspended solids, the higher the yield obtained. Liquor yield ranges from 0.1021 to 0.1342 when the fraction of suspended solids allowed increases from 0.05 to 0.15. This latter value is close to the unrestricted maximum yield shown above (0.1345). All this set of non-inferior solutions corresponds to the maximum pressure allowed (350 bar), which optimises the yield of press liquor, and different combinations of the rest of decision variables. Up to a fraction of suspended solids of 0.14, the optimum number of compression stages is 5. This value changes to 4 afterwards. This may be explained by the blocking of the filter basket and press outlet by the particles of suspended solids, which avoids collecting more liquid when a next compression step is applied. While the optimum number of steps is 5, the optimum relaxation time increases from 100 to 256 s. Similarly, when 4 steps are optimum, optimum time increases from 213 to 230 s. The selection of a single optimal solution inside the Pareto Front will depend on the technical requirements of the subsequent operations to treat the effluents, specially the maximal content in suspended solids able to be removed by the micro and ultrafiltration devices.
Conclusion
Whole sardine was pressed using a hydraulic press, working at different combinations of pressure, speed of compression, number of compression steps and time of relaxation between them. As a result of this, a partially dewatered cake is obtained, with a reduction of volume of 40 -45 % related to the initial raw material. This implies less refrigeration and space requirements, related to the storage of the whole fish. The yield of press liquor and its content in suspended solids were measured and fitted to a second-order model with high correlation coefficients (0.982 and 0.924, respectively). Once the polynomial models were obtained, the optimisation of both responses was carried out. The surface response graphs show that a maximum yield of 13.45 % w/w (related to the mass of sardine fed into the press) was obtained at the pressing conditions of pressure of 350 bar, compression speed of 1.54 cm/min, 5 compression steps and maximal time of relaxation. The minimal content in suspended solids was found to be 0.2 % w/w at a pressure of 66 bar, compression speed of 2.585 cm/min, 1 compression step and maximum time of relaxation. The opposite behavior of the experimental factors towards the accomplishment of the optimisation objectives obliges to find a compromise solution by using multiobjective optimisation techniques. The -constrain method was chosen for this purpose, generating a set of optimal solutions (Pareto Front) which assures a maximal yield with a limited content in suspended solids in the press liquor. The ulterior treatment of the effluents of the pressing operation will determine the selection of a single solution inside the Pareto Front, in terms of minimum flux of liquid required or maximum concentration of suspended solids allowed.
